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Abstrat
First-priniples, density-funtional based eletroni struture alulations are arried out for
MgC(Ni1−xCox)3 alloys over the onentration range 0 ≤ x ≤ 1, using Korringa-Kohn-Rostoker
oherent-potential approximation (KKR CPA) method in the atomi sphere approximation (ASA).
The self-onsistent alulations are used to study the hanges as a funtion of x in the equation of
state parameters, total and partial densities of states, magneti moment and the on-site exhange in-
teration parameter. To study the magneti properties as well as its volume dependene, xed-spin
moment alulations in onjuntion with the phenomenologial Landau theory are employed. The
salient features that emerge from these alulations are (i) a onentration independent variation
in the lattie parameter and bulk modulus at x∼0.75 with an anomaly in the variation of the pres-
sure derivative of bulk modulus, (ii) the xed-spin moment based orretions to the overestimated
magneti ground state for 0.0 ≤ x ≤ 0.3 alloys, making the results onsistent with the experiments,
and (iii) the possibility of multiple magneti states at x ∼0.75, whih, however, requires further
improvements in the alulations.
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I. INTRODUCTION
Muh of the interest in the 8K ubi perovskite superondutor MgCNi3 [1℄ stems from
its spetral distribution of eletroni states [2, 3, 4, 5, 6, 7℄. A sharp peak, primarily
omposed of Ni 3d bands show up in the density of states spetra, suggesting that the
material is lose to a ferromagneti instability [2, 3℄. Theoretial alulations based on
the Stoner model as well as the NMR experiments reveal the possibility of o-existene of
spin-utuation with superondutivity [3, 8℄. This makes MgCNi3 a material in a lass of
its own, sine aording to onventional models of superondutivity magneti sattering is
thought to indue pair-breaking eets. A simple ase study is that of the binary ubi V N
alloy in whih the expeted superonduting transition temperature is about 30K, whih is
lowered down to ∼6K due to spin-utuations [9, 10℄.
The origin of the inipient magnetism in MgCNi3 ould be partly attributed to the
presene of C in its otahedral interstitial position [11℄. The spatially extended C 2p orbitals
strongly hybridize with that of the Ni 3d, de-loalizing the eletroni states. As a result the
density of states at the Fermi energy, N(EF ), falls short of satisfying the Stoner riteria.
It is suggested that approximately 0.5 holes, whih may orrespond to 10% of Mg replaed
by an alkali metal, or about 7% replaement of Ni with Co, would drive the orresponding
material magneti [2, 3, 5℄. The latter follows the rigid-band model, where the Fermi level
is expeted to lower in energy with respet to hole onentration, thus making EF oinide
with the transition-metal-derived 3d singularity.
Previously, studies of hole dopings via vaanies and B substitutions in the C sub-lattie
[12℄ and Fe and Co substitutions in the Ni sub-lattie have been arried out [13, 14, 15,
16, 17, 18, 19, 20, 21, 22℄. In none of the above ases, a denite magneti solution was
found feasible. For Co substitutions the experimental results are unambiguous over the
fat that TC dereases as Co at% inreases in the disordered MgC(Ni1−xCox)3 alloys [13,
15, 17, 18℄. However, they remain ontroversial on the rate at whih the TC is dereased
[17, 18℄. Resistivity haraterization shows that TC dereases gradually with inreasing x.
A small superonduting transition is observed for the samples with x=0.5, whih indiates
that the superonduting volume fration dereases upon substitution of Co for Ni [18℄.
However, this is inonsistent with the suseptibility measurements where Co in dilute limit
is found to ompletely suppress the superondutivity, although no magneti long-range
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order is deteted [16℄. The rapid loss of superondutivity is argued to be onsistent with
magneti quenhing of the superondutivity, probably in the form of spin-utuations.
Co forms a omplete solid solution in MgCNi3 in the ubi perovskite struture. In
MgC(Ni1−xCox)3 alloys, the ferromagneti onset is estimated to be around 0.75 at% of
Co [17℄. Further, experiments as well as theoretial alulations suggest that a omplete
replaement ofNi with Co drive in a denite ferromagneti ground state [13, 14, 15℄. The Co
loal moment in MgCCo3 is alulated to be 0.33µB with the magnetization energy being
equal to 22mRy [14, 15℄. Theoretial alulations also reveal that the stoihiometrially
ordered alloys MgCNi2Co and MgCNiCo2 remain non-magneti [14, 15℄.
As a preursor to understanding the nature of magneti instability in MgCNi3, a the-
oretial study of Co substitution in the Ni sub-lattie was arried out. To study the
eets of ompositional disorder on the strutural, eletroni and magneti properties of
MgC(Ni1−xCox)3 alloys we have employed the Green's funtion tehnique in onjuntion
with the oherent-potential approximation [23, 24℄. The versatility of the method allows a
relative omparison of the alloy energetis of the stoihiometrially ordered alloys and their
disordered ounterparts.
In the present work, we have studied the hanges in the equation of state parameters,
density of states and the magneti properties as a funtion of x in MgC(Ni1−xCox)3 alloys.
Both self-onsistent as well as the xed-spin moment method [25℄ in onjuntion with the
phenomenologial Landau theory of phase transition are employed to study the magneti
properties of the disordered MgC(Ni1−xCox)3 alloys.
The paper is organized as follows. In Se. 2, we briey desribe the omputational
details. Se. 3 ontains the results and disussion in terms of equation of state parameters,
eletroni struture and magneti properties of MgC(Ni1−xCox)3 alloys.
II. COMPUTATIONAL DETAILS
The ground state properties are alulated using the Korringa-Kohn-Rostoker (KKR)
method formulated in the atomi-sphere approximation (ASA) [23, 24℄. Chemial disorder
in the Ni sub-lattie with Co, are assumed to be ompletely random and is aounted for by
means of oherent-potential approximation (CPA) [26℄. For improving the alloy energetis,
the ASA is orreted by the use of both the mun-tin orretion for the Madelung energy [27℄
3
and the multi-pole moment orretion to the Madelung potential and energy [28, 29℄. These
orretions bring signiant improvements in the alulations by taking into aount the
non-spherial part of the polarization eets [30℄. Note that the eletrostati interations
are obviously a key ontribution to the eetive interations between dierently harged
ations.
The partial waves in the KKR-ASA alulations are expanded up to lmax=3 inside the
atomi spheres. The multi-pole moments of the eletron density have been determined up to
lMmax=6, and then used for the multi-pole moment orretion to the Madelung energy. The
exhange-orrelation eets are taken into onsideration via the loal-density approximation
(LDA) with Perdew and Wang parametrization [31℄. The ore states have been realulated
after eah iteration. The alulations are partially salar relativisti in the sense that al-
though the wave funtions are non-relativisti, rst order perturbation orretions to the
energy eigenvalues due to the Darwin and the mass-veloity terms are inluded. Further,
sreening onstants α and β were inorporated in the alulations, following the presrip-
tion of Ruban and Skriver [28℄. These values were estimated from the order(N) loally
self-onsistent Green's funtion method [32℄ and were determined to be 0.83 and 1.18, re-
spetively. The atomi sphere radii of Mg, C and Ni/Co were kept as 1.404, 0.747, and
0.849 of the Wigner-Seitz radius, respetively. The overlap volume of the atomi spheres was
less than 15%, whih is legitimate within the auray of the approximation [33℄. The total
energies were alulated with 1771 k-points in the irreduible wedge of the Brillouin zone.
The onvergene in harge density was ahieved so that the root-mean square of moments
of the oupied partial density of states beomes smaller than 10−6.
Numerial alulations of magneti energy ∆E(M) for MgC(Ni1−xCox)3 alloys were
arried out at their self-onsistently determined equilibrium lattie onstants using the xed-
spin moment method of alloy theory [25℄. In the xed-spin moment method the total energy
is obtained for a given magnetizationM , i.e., by xing the numbers of eletrons with up and
down spins. In this ase, the Fermi energies in the up and down spin bands are not equal to
eah other beause the equilibrium ondition would not be satised for arbitrary M . At the
equilibrium M two Fermi energies will oinide with eah other. The total magneti energy
beomes minimum or maximum at this value of M .
The diration experiments measure displaements as large as 0.05Å for the Ni atoms in
MgCNi3. These, however are found to be less signiant towards any qualitative analysis of
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the materials properties. The rst-priniples alulations ignoring these eets, thereby as-
suming a rigid perfet underlying ubi symmetry, nd no profound magneti eets emerg-
ing, unlike in the ase of Fe impurities in FCC Al or in BCC Zr [34, 35, 36, 37, 40, 41℄.
Although in disordered alloys lattie relaxations around an impurity is important, for 3d
impurities in a 3d host these eets seem to be less important [37, 38, 39℄. Usually, suh
eets stem from large atomi size mismath of the host and the impurity atoms whih is,
however, not the ase for Co and Ni ions.
III. RESULTS AND DISCUSSION
The MgC(Ni1−xCox)3 alloys are theoretially haraterized in terms of the variation of
physial properties as a funtion of x. These inlude the equation of state parameters suh
as lattie onstant, bulk modulus and its pressure derivative, eletroni struture expressed
in terms of total, sub-lattie resolved partial and l− deomposed density of states. The
magneti properties are determined via both the self-onsistent alulations and the xed-
spin moment alulations, inluding the variation in the Co loal moment and the on-
site exhange interation onstant as a funtion of x. For x < 0.3, the self-onsistent
alulations yield ambiguous results about the magneti ground state of MgC(Ni1−xCox)3
alloys, therefore, we used the xed-spin moment method in this onentration range. These
alulations nd that for low Co rih alloys, the ground state is denitely paramagneti. In
onjuntion with the Landau theory the MgC(Ni1−xCox)3 alloys for 0.0 ≤ x ≤ 0.3 show a
greater propensity of magnetism. However, both the self-onsistent as well as the xed-spin
moment alulations yield onsistent results for x ≥ 0.75 alloys.
A. Equation of state parameters
The equilibrium lattie onstants of MgC(Ni1−xCox)3 alloys for 0 ≤ x ≤ 1 were deter-
mined by alulating the total energy at six lattie onstants lose to the expeted equi-
librium lattie onstant and then using the third-order Birh-Murnaghan equation of state
[42, 43℄. Sine the hoie of the exhange orrelation term in the Kohn-Sham Hamiltonian is
ruial in determining the equation of state parameters we have arried out the alulations
using three dierent exhange orrelation funtionals namely the loal density approxima-
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Figure 1: The variation in the lattie onstant of MgC(Ni1−xCox)3 as a funtion of x alulated
using the KKR-ASA-CPA method. Results for both spin polarized and unpolarized alulations
are shown.
tion (LDA), the generalized gradient approximation (GGA) [44℄, and the loal Airy gas
(LAG) approximation [45℄. One may note that the Birh- Murnaghan equation is derived
from the theory of nite strain, by onsidering an elasti isotropi medium under isothermal
ompression, with the assumption that the pressure- volume relation remains linear. The
polynomial would yield a reasonable guess to the equation of state parameters provided the
t is hosen in a volume range lose to equilibrium.
The equilibrium lattie onstants for MgC(Ni1−xCox)3 alloys derease as x inreases.
This is onsistent with the fat that the ioni radii of Co is less than that of Ni. For
MgCNi3 the equilibrium lattie onstant was alulated to be 7.139, 7.305 and 7.233 a.u.,
in the LDA, GGA and LAG approximations, respetively. When ompared to the exper-
iments, we nd that LDA underestimates the value of the lattie onstant by 1%, while
both GGA and LAG overestimate the value. The LDA estimate mathes well with the
previous full-potential report of Singh and Mazin [3℄. We note that the onsisteny with
the full-potential methods owes to the mun-tin orretion to the ASA, without whih the
KKR-ASA alulations nd the equilibrium lattie onstant for MgCNi3 as 6.986 a.u. For
MgCCo3, the equilibrium lattie onstants for both spin polarized and unpolarized alu-
lations turn out to be 7.078 and 7.071 a.u, respetively. A small inrease in the lattie
onstant in the spin polarized alulations is onsistent with the fat that magnetization
through exhange splitting requires larger volume.
The variation of the lattie onstants as a funtion of x in MgC(Ni1−xCox)3 alloys,
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Figure 2: The variation in the bulk modulus for MgC(Ni1−xCox)3 alloys as a funtion of x,
alulated using the KKR-ASA-CPA method. Results for both spin polarized and unpolarized
alulations are shown.
following both spin unpolarized and polarized alulations is shown in Fig.1. The salient
features that emerge are (i) deviation from the Vegard's law, (ii) a weak x dependene of the
lattie onstant in the range 0.7 ≤ x ≤ 0.8, and (iii) deviation of lattie onstants above x =
0.7. Deviation from the Vegard's law suggests a diversity in the inter-atomi interations.
The Vegard's law impliitly assumes that the hemial onstituents whih make up the alloy
have similar potentials and that their distribution remains truly random. Although one may
assume Co and Ni to have similar features, the nature of interations in them is signiantly
dierent beause MgCNi3 is paramagneti while MgCCo3 is ferromagneti. This indiates
that the C 2p hybridization with the transition metal 3d bands in MgCNi3 and MgCCo3
are dierent and that the Ni-C hybridization would be stronger than the Co-C ounterpart
in MgCCo3.
The insensitivity of the lattie onstant of MgC(Ni1−xCox)3 alloys with respet to x in
the range 0.7 < x < 0.8 arises due to a balane between the hemial binding fores and
the magneti ones. Chemial binding tends to ompress the lattie while magnetization
via exhange splitting of bands requires large volume. These two opposing fores set in to
provide an invariane in the lattie onstant for 0.7 < x < 0.8 in MgC(Ni1−xCox)3 alloys.
For x > 0.7, the spin polarized alulations yield slightly higher lattie onstants ompared
to the spin unpolarized alulations, whih is purely due to the magneti eets.
The bulk modulus is proportional to the seond derivative of the energy- volume urve.
The LDA usually underestimates the lattie onstant thus leading to an overestimation of
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Figure 3: The hange in the pressure derivative of bulk modulus of MgC(Ni1−xCox)3 as a funtion
of x alulated using the KKR-ASA-CPA method. Results for both spin polarized and unpolarized
alulations are shown.
bulk modulus. The emphasis here, however, is to make a qualitative judgment about the
bulk modulus as a funtion of x. Fig.2 shows the hange in the isothermal bulk modulus of
MgC(Ni1−xCox)3 alloys as a funtion of x for 0 ≤ x ≤ 1. We nd that the bulk modulus
inreases with inreasing x.
Assuming that the alloys are isotropi and that the Debye approximation holds, the bulk
modulus sales in proportion to the Debye temperature ΘD (∝B
1
2
0 ) . Higher the value of ΘD
higher the lattie stiness. In MgCNi3 the frequeny of a soft aousti Ni based phonon
mode alulated in the harmoni approximation tends to beome negative [46, 47℄. Stabi-
lization of this mode results in a dynami displaement of the Ni ions perpendiular to the
Ni-C diretion whih then allows eah of the Ni atoms to move away from the neighboring
C atoms towards the empty interstitial. Partial replaement of Ni with Co weakens the
bonding with the C atoms. This redues the advantage of relaxations or distortions thereby
inreasing ΘD, thus a onurrent hardening of the phonon modes. When ompared to the
spin unpolarized alulations, the spin polarized ones yield a lower bulk modulus, whih is
diretly orrelated with their orresponding lattie onstants.
Sine the pressure derivatives of the bulk modulus involves higher order derivatives, they
are often noisy. Qualitatively, however, in the Debye approximation the pressure derivatives
of the bulk modulus ontain the information of the averaged lattie vibrations of the material
via the Gruneissen parameter. If one assumes that all the vibrational modes respond to
volume in a similar fashion, then they are often useful in interpreting the strutural details
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of the material. The variation in the pressure derivative of the bulk modulus, as shown in
Fig.3, suggests an anomaly at x = 0.82. The disontinuity in the ase of spin polarized
results suggests that the anomaly ould be related to magneti eets beause it appears in
the proximity of magneti onset in the MgC(Ni1−xCox)3 alloys.
LDA (Ry) GGA (Ry) LAG (Ry)
MgCNi2Co -1866.120100 -1866.883569 -1869.423046
MgC(Ni0.66Co0.33)3 -1866.118525 -1866.882022 -1869.421520
∆E (mRy) 1.575 1.547 1.526
MgCNiCo2 -1815.219322 -1815.974307 -1818.477701
MgC(Ni0.33Co0.66)3 -1815.219848 -1815.974861 -1818.478283
∆E (mRy) -0.526 -0.554 -0.573
Table I: Comparison of the equilibrium total energy expressed
in Ry units for x = 1
3
and x = 2
3
alloys of MgC(Ni1−xCox)3
in three dierent approximations to Vxc; LDA, GGA and LAG
and their dierene (∆E = Eordered − Edisordered)
The versatility of the KKR-ASA method is that it allows a diret omparison of the
strutural energies of both disordered and ordered alloys. Two ordered alloys an be identi-
ed in the onentration range 0 < x < 1. These are MgCNi2Co and MgCNiCo2, whih
orrespond to x = 0.33 and 0.66 respetively in the ase of disordered MgC(Ni1−xCox)3
alloys. Either of these alloys falls in the 0.3 < x < 0.7 range, where both spin polar-
ized and unpolarized alulations for the disordered alloys yield degenerate total energies.
Table.I ompares the KKR-ASA strutural energies for the ordered and disordered alloys,
alulated using three dierent exhange orrelation funtionals to Kohn-Sham Hamiltonian.
Evidently, from Table.I, it follows that for x = 1
3
the ordered phases are more stable than
their disordered ounterparts. However, as x inreases to 2
3
, the disordered alloys beome
more stable. The hanges in the strutural energies provide some lues about the hemial
ordering of atoms due to magneti eets. We plan to report the results in a future work.
The hange in the equation of state parameters upon hemial ordering was also alulated
using the KKR-ASA method in onjuntion with the Birh-Murnaghan equation of state
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with LDA. The results are shown in Table.II. The alulations shows that the disordered
alloys have slightly higher lattie onstant than their stoihiometrially ordered ounterparts.
aeq(a.u.) Beq(Mbar) B
′
eq
MgCNi2Co 7.113 0.432 4.325
MgC(Ni0.66Co0.33)3 7.114 0.433 4.326
MgCNiCo2 7.086 0.451 4.463
MgC(Ni0.33Co0.66)3 7.088 0.451 4.237
Table II: Comparison of the equation of state parameters
for stoihiometrially ordered and disordered alloys using the
LDA- KKR-ASA- CPA method.
B. Eletroni struture
Eletroni struture of MgC(Ni1−xCox)3 alloys are haraterized both by means of spin
unpolarized and polarized density of states, alulated using the KKR-ASA-CPA method.
For x < 0.75, spin unpolarized density of states are shown while for x > 0.75, both spin
unpolarized and polarized density of states are shown.
1. spin unpolarised density of states
In Fig.4, we show the total and sub-lattie resolved density of states of MgCNi3 and
MgCCo3 alulated at their equilibrium lattie onstants. The isolated deep valene states
in Fig.4 are essentially the C 2s states. Further higher in energy, a gap opens up followed
by an admixture of C 2p and metal 3d states. The strong hybridization is manifested in the
DOS as a wide energy spread of the C 2p and the transition metal 3d states. From Fig.4 it
follows that the hybridization between the C-Ni orbitals are muh more stronger than the
C-Co orbitals in their respetive alloys. Hybridization gives not only an important mixing
between the states of the ondution bands but also leads to a separation of the bonding and
anti-bonding states, reating a pseudo-gap. Existene of pseudo-gaps have been reported in
various rystalline solids, amorphous alloys[48℄ and also in quasi-rystals[49, 50℄. Of the two
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e resolved partial density of states for MgCNi3
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alulated at their equilibrium latti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onstants. In the
inset, a blow up around the Fermi energy for the orresponding alloys are shown. The vertial line
through energy zero represents the alloy Fermi energy.
mehanisms, ioni and ovalent, proposed for the formation of pseudo-gap in alloys the latter
is found to play a signiant role in the ase of transition-metal-based inter-metallis. The
pseudo-gap in hexagonal lose-paked transition metal rih systems are largely attributed
to metal d resonane. Though the Mg-Ni(Co) bonding is weak, a peak just below −0.4Ry
onstitutes the bonding between 3s eletrons of Mg and the transition metal 3d eletrons
in their respetive alloys. The striking dierene in the DOS of MgCNi3 and MgCCo3 is
the absene of C 2p states at the EF for MgCCo3. In MgCCo3 the N(EF ) is entirely due
to the Co 3d states while for MgCNi3 the C 2p ontribution to N(EF ) is about 7%.
The present KKR-ASA-CPA alulations nd N(EF ) for MgCNi3 to be 14.56 state/Ry
atom. The value is, however, at variane with the previous reports. For example, Szajek
reports the value as 14.32 state/Ry atom [51℄, Mazin and Singh report as 13.57 states/Ry
atom [3℄, Shim et al as 14.52 states/Ry atom [4℄, Rosner et al as 13.06 states/Ry atom
[2℄. Dugdale and Jarlborg [5℄ report N(EF ) to be 17.27 and 9.49 states/Ry atom [5℄ for
two dierent band-struture methods with exhange-orrelation eets onsidered in the
LDA and using the experimental lattie onstant. These results show that N(EF ) is indeed
sensitive to the type of the eletroni struture method employed and also to the numerial
values of the parameters like that of the Wigner-Seitz radii and others. Note that these
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dierenes are signiant as they ontrol the proximity to magnetism in the Stoner model,
as emphasized by Singh and Mazin [3℄. For MgCCo3 the value of N(EF ) is determined to
be 14.43 state/Ry atom, in agreement with the earlier reports.
Fig.5 shows the spin unpolarized, total and sub-lattie resolved partial DOS for
MgC(Ni1−xCox)3 alloys for x= 0.2, 0.4, 0.6 and 0.8. The overall harateristi features
of the DOS struture are preserved as x inreases in MgC(Ni1−xCox)3, however with the
sharp strutures being smeared out due to disorder. As x inreases, the dereasing eletron
ount is followed by the inward movement of EF on the energy sale. The bottom of the
states, however, remain more or less xed with respet to the alloy EF as a funtion of x.
At about x = 0.7 the EF is pinned in the pseudo-gap. The resulting N(EF ) is minimum for
these alloys over the whole onentration prole. As x inreases further from 0.7, the N(EF )
gradually inreases due to the Co 3d states. A high N(EF ), predominantly metal 3d in har-
ater, thus inreases the possibility of exhange splitting of bands in MgC(Ni1−xCox)3.
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Figure 5: The spin unpolarized total (solid line), sub-lattie resolved C (shaded) and (Ni1−xCox)3
density of states, with x as shown in the panels, for MgC(Ni1−xCox)3 alloys. The vertial line
through energy zero orresponds to the alloy Fermi energy.
One may note that the C 2p states in and around EF derease with inreasing x, and
virtually ease to exist for x > 0.7 alloys. Sine the number of C eletrons remains invariant,
one may then naturally expet a signiant harge redistribution on the energy sale. This
is illustrated in Fig.6. Though the overall shape of the DOS remains the same, a signiant
harge redistribution over the energy range −0.6 Ry to −0.2 Ry is observed.
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Figure 6: The spin unpolarized sub-lattie resolved C 2p DOS for MgC(Ni1−xCox)3 with x as
shown in the panel. The vertial line through energy zero orresponds to the alloy Fermi energy.
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Figure 7: The variation in the total density of states at Fermi energy as a funtion of x in
MgC(Ni1−xCox)3 for 0 ≤ x ≤ 1 alloys in units of states/Ry ell.
in Fig 7, we show the evolution of the states at EF as a funtion of x inMgC(Ni1−xCox)3
alloys. Initially with inrease in x, the N(EF ) slightly inreases, however, not as expeted
from the rigid band model of alloy theory. Disorder smears out the Ni 3d- derived van Hove
peak of MgCNi3 onsiderably.
Thus the essential dierene between the DOS ofMgCNi3 andMgCCo3 is the absene of
C ontribution to N(EF ). One an nd that for bothMgCNi3 andMgCCo3 the N(EF ) are
13
omparable and are equal to 14.557 states/Ry atom and 14.425 states/Ry atom, respetively.
However, their properties are found to be signiantly dierent. MgCNi3 is non-magneti
with inipient magnetism akin to spin-utuations being antiipated, while MgCCo3 is a
non superondutor with a denite ferromagneti state.
The hange in the total density of states for the hemially ordered MgCNi2Co and
MgCNiCo2 alloys with respet to their disordered ounterparts, MgC(Ni0.66Co0.33)3 and
MgC(Ni0.33Co0.66)3 respetively, are shown in Fig.8. The overall harateristi features
of the DOS remain essentially the same, with exeption to the peak broadening in the
disordered alloys. The hange in the Ni 3d and Co 3d states for the orresponding ordered
and disordered alloys are shown in Fig.9 and the hange in the C partial DOS is shown in
Fig.10.
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Figure 8: A omparison of the spin unpolarized total DOS of stoihiometrially ordered and disor-
dered MgC(Ni1−xCox)3 alloys for x=
1
3
and
2
3
, respetively. The vertial line represents the Fermi
energy.
2. Spin polarized density of states
WithN(EF ) in the paramagneti DOS showing high values for x > 0.75 and with no C 2p
states at or near EF , a possibility of eletroni distortion leading to a ferromagneti ground
state an well be antiipated. Taking the ue, spin polarized alulations were arried out
for MgC(Ni1−xCox)3 alloys for 0.7 ≤ x ≤ 1.0.
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Figure 9: A omparison of spin unpolarized, sub-lattie resolved transition metal DOS of stoi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Fig. 11 shows the spin polarized, total and sub-lattie resolved partial DOS of MgCCo3.
The deep states are primarily C 2s states. Higher in energy and lose to EF , the states are
predominately Co 3d in harater. As expeted, the Co 3d bands are exhange split due to
magneti eets. As a measure of the exhange splitting on the energy sale, we nd the
dierene between the entres of the 3d up bands C↑B and that of the down bands C
↓
B as 22
mRy, whih orresponds to a loal magneti moment of 0.33 µB. These values are onsistent
with earlier full-potential alulations. Small exhange splitting of the Mg and C 2p bands
are seen due to hybridization eets, however, the splittings are negligible when ompared
to that of the Co 3d bands.
The hange in the DOS as a funtion of x inMgC(Ni1−xCox)3 alloys are shown in Fig.12.
For both majority and minority bands, the deep states essentially onsist of C 2s states.
Higher in energy towards EF , a gap opens up followed by an admixture of C 2p - metal
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Figure 10: A 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e resolved partial C 2p DOS of stoi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ally ordered and disordered MgC(Ni1−xCox)3 alloys for x=
1
3
(upper panel) and
2
3
(lower
panel). The vertial line represents the Fermi energy.
-1 -0.8 -0.6 -0.4 -0.2 0 0.2
Energy  (Ry)
-20
-10
0
10
20
D
O
S 
(st
ate
s/R
y a
tom
)
Total
Mg
C  (shaded)
Co
Figure 11: The spin polarized total and sub-lattie resolved partial spin up and down DOS of
MgCCo3. The vertial line through the energy zero represents the Fermi energy and + and - DOS
represent the majority and minority spin DOS respetively.
3d states. The spin up bands are fully oupied and the EF for these states are pinned in
the pseudo-gap. For the spin down states, the EF moves slightly inward with inreasing x.
Magnetism is thus governed by the hange in the position of EF in the minority DOS with
respet to that of the majority bands.
The sub-lattie resolved, onentration weighted, l−deomposed 3d DOS of
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Figure 12: The spin polarized total density of states of MgC(Ni1−xCox)3 alloys for 0.85 ≤ x ≤
0.95. The vertial line through the energy zero represents the Fermi energy and + and - DOS
represent the majority and minority spin DOS respetively.
MgC(Ni1−xCox)3 alloys are as shown in Fig.13, where the exhange splitting as well as
the distortions an be seen learly. It also beomes evident that not all d sub-states are
equally exhange split. Relatively, dyz and d3z2−1 bands show the maximum exhange split-
ting, while the states ontained in the x − y plane, the distortions in the majority and
minority bands are more notieable. Distortions result due to signiant harge transfer.
Bonding is anisotropi due to ovalent harater along the x − y plane and rather metalli
harater along the z diretion.
C. Magneti properties
1. Variation of Co loal moment
In general, when a paramagneti DOS shows a high N(EF ), with EF in the anti-bonding
region, the system is lose to a magneti instability. Under these onditions, distortion in-
evitably dereases the total energy. The rst hoie, however, is a reshuing of the eletroni
states instead of the atoms getting displaed. The eletrons prefer to rearrange themselves
resulting in a spontaneous magnetization thereby lowering the eletroni symmetry and
annihilating the anti-bonding states.
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Figure 13: The spin polarized, sub-lattie resolved and orbital deomposed Co 3d partial density
of states for 0.85 ≤ x ≤ 0.95 alloys. The vertial line through the energy zero represents the Fermi
energy.
Aording to Dronskowski et al [52, 53℄, anti-ferromagnetism is likely to step in when
the paramagneti DOS has EF in a non-bonding region. For those systems, where EF is in
the anti-bonding region, exhange splitting of bands towards ferromagnetism is more likely.
In MgCNi3 the EF is in the anti-bonding region, and hene it is loser to ferromagneti
instability rather than an anti-ferromagneti one. Further, anti-ferromagnetism had been
ruled out inMgCNi3 owing to the absene of nesting features in the Fermi surfae topology.
The present alulations nd small moments at Co site for x ≤ 0.3, as shown in Fig. 14.
The results are inonsistent with experiments. Some of the fators that an inuene the
magneti moment at the Co site are the hoie of the sphere radii, inadequate basis set used
to expand the wave funtions, lak of lattie relaxation and loal environment eets. In this
diretion, alulations were arried out for dierent sphere radii, but the loal moment at
the Co site remained inevitable. To inlude loal environment eets, super-ell alulations
based on the LMTO-ASA as well as loally self onsistent Green's funtion method were
18
employed, however the Co remained magneti. Sine ommon to all the above alulations
was LDA, the appearane of loal magneti moment at Co site was thought to be due to
the limitations of LDA itself.
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Figure 14: The variation in the Co loal magneti moment in MgC(Ni1−xCox)3 alloys alulated
using the KKR-ASA- CPA method in LDA for 0 ≤ x ≤ 1.
It is known that rst-priniples LDA based alulations for materials suh as FeAl [54℄,
Ni3Ga [55℄, Sr3Ru2O7 [56℄, SrRhO3 [57℄, and Na0.5CoO2[58, 59℄ yield a nite loal moment
in disagreement with the experiments whih nd them to be paramagneti. The error that
evolved due to LDA in the present self-onsistent alulations for MgC(Ni1−xCox)3 alloys,
was however orreted by means of the xed-spin moment method, the results of whih we
show below.
2. On-site magneti exhange interations
The total exhange oupling parameter J0 is alulated as a funtion of x, x > 0.7
following the presription of Liehtenstein et al [60℄. Essentially the method is based on
mapping the hange in energy due to the deviation of a single spin at a referene site o,
from the ollinear ferromagneti ground state onto an eetive Heisenberg model. The
hange in the energy orresponding to this small spin density perturbation is approximated
by the hange in the sum of one eletron energies by appealing to Andersen's loal fore
theorem. Using Lloyd's formula one an express the sum of one eletron energies in terms
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of sattering path operator or the auxiliary Green's funtion. The latter an be evaluated
from the knowledge of potential funtions and the struture onstant matrix. Mapping the
hange in energy onto a Heisenberg model results in an expression for the exhange oupling
onstant:
J0 =
∑
i
J0i
whih is the sum of exhange interations between the referene spin and all its neighbors.
In a mean eld theory this oupling onstant is proportional to the Curie temperature TC of
the system. For a multi-omponent random alloy the mean eld estimate of the TC an be
assumed to be the onentration-weighted average of the oupling onstants alulated for
the omponent atoms. Thus, for the ase of MgC(Ni1−xCox)3 alloys, the average oupling
onstant an be alulated as
J0 ≡ (1− x) JNi + (x) JCo
where Ji (i = Ni or Co) is given as
Ji = −
1
4pi
∑
L
∫ EF
dE Im
{
∆iL(z)
[
T iL↑(z)− T
i
L↓(z)
]
+∆iL(z)T
i
L↑(z)∆
i
L(z)T
i
L↓(z)
}
with
∆iL = P
i
L↑(z)− P
i
L↓(z)
P iLσ(z) =
[
z − C iLσ
] [
∆iLσ + γ
i
Lσ
(
z − C iLσ
)]−1
T iLσ(z) = 〈gLσ(z)〉
{
1 + (PLσ(z)− P˜Lσ(z) )〈gLσ(z)〉
}
where σ is the spin index (↑ or ↓), and P iLσ is the potential funtion of the omponent i for
the orbital L and spin σ. The potential funtion has been expressed above in terms of C,
∆ and γ of the LMTO Hamiltonian, z is the omplex energy and EF is the Fermi energy of
the alloy, 〈gLσ(z)〉 is the ongurationally averaged auxiliary Green's funtion within CPA
and P˜Lσ(z) is the oherent-potential of the medium. The CPA alulations are performed
by invoking site-site approximation.
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Figure 15: The variation of the on-site exhange oupling onstant J0 in mRy, as a funtion of
x > 0.75 in MgC(Ni1−xCox)3 alloys.
Fig.15 shows the variation in the JNi and JCo as a funtion of x in MgC(Ni1−xCox)3
alloys. Both JCo and µCo (ref. Fig.14) follow a similar trend. Both show a slow variation in
and around the ferromagneti onset followed by a sharp inrease, further getting saturated
when x→1. Exept for an overestimation of the exhange oupling onstant, the alulations
are expeted to produe the orret trend. The disappearane of the average Co loal
moment is aompanied by disappearane of the average exhange interation JCo, a result
whih an be related to the strong magneto-volume eet.
3. Fixed-spin moment alulations
The density funtional theory is an exat ground state theory. However, ommon ap-
proximations like LDA to the density funtional theory is thought to miss ertain important
physis due to the assumption of a uniform eletron gas espeially when spin-utuation
eets are important. The eets of spin-utuations are, however, desribed on a phe-
nomenologial level using the Ginzburg-Landau theory. Although a robust quantitative
theory based on rst-priniples is yet to be implemented, it is possible to make an estimate
of spin-utuation eets based on LDA xed-spin moment alulations.
Aording to Mazin and others [61℄, the overestimation of the tendeny of metals to-
wards ferromagnetism within the LDA an be used as an indiator of ritial utuations
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in a material. However, for this to be an eetive indiator, ompeting states, like anti-
ferromagnetism need to be ruled out in eah material. As mentioned above, sine EF resides
in the anti-bonding region as well as the absene of nesting features in the Fermi surfae
topology of MgCNi3 shows that the material under onsideration may be far from any
anti-ferromagneti instability.
For MgC(Ni1−xCox)3, the overestimation of the moments for x < 0.3 ould be taken as
an indiation of spin-utuations, following the works of Singh and Mazin [3℄. However, no
attempt is made to determine the magnitude of the utuations in the present work. The
study is limited to understanding the propensity of magnetism with Co substitutions, for
whih one an use the phenomenologial Ginzburg- Landau oeients, the input to whih
follows from the xed-spin moment method.
Numerial alulations of magneti energy ∆E(M) for MgC(Ni1−xCox)3 alloys in the
range 0 ≤ x ≤ 1 are arried out by the xed-spin moment method. One an then write
down a Ginzburg-Landau expansion for the magneti energy, ∆E(M) =
∑n
i≥1
1
2i
a2iM
2i
for
n = 3. The variation of ∆E(M) with respet to M is shown in Fig.16. For x ≤ 0.3, the
urves are relatively at near M = 0 and t well to the form as given above with n = 3.
The sensitivity of ∆E(M) with M beomes more distinguishable as x inreases from 0.3
and beyond, i.e., the atness of the urve disappears. For x > 0.7 the magneti energy is
negative, indiating a lower energy ferromagneti state to be stable.
Fig 17 shows the variation of Ginzburg-Landau oeients a2 and a4 as a funtion of
x in MgC(Ni1−xCox)3 alloys. The oeient a2 is of prime importane and is used as
a preursor to indiate the magneti phase of the system. A positive a2 represents the
paramagneti state while a negative a2 indiates the ferromagneti state. From Fig 17 we
nd that initially, as x inreases, a2 tends to zero, but remains positive. This indiates that
a ferromagneti state is unstable for low Co rih alloys. However for x > 0.75, a2 is negative
indiating a ferromagneti state for the system. These alulated results are now onsistent
with the experiments, whih show a denite paramagneti phase for low Co rih alloys and
a magneti state for high Co rih alloys.
As the unit ell volume is inreased, EF is lowered in energy. This will then sharpen the
strutures in the DOS. If N(EF ) then satises the Stoner riterion, i.e., I∗N(EF ) > 1, where
I is the Stoner exhange integral, then the system would beome magneti. Having seen
that the self-onsistent alulations yield ambiguous magneti properties, one an extend
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Figure 16: The variation in the ∆E(M) as a funtion of magnetization M , alulated at the
respetive equilibrium volume for MgC(Ni1−xCox)3 alloys as a funtion of x, as indiated in the
gure.
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Figure 17: The variation of Ginzburg-Landau oeients as a funtion of Co onentration (x) in
MgC(Ni1−xCox)3 alloys.
the xed-spin moment alulations to the magnetization dependene of MgC(Ni1−xCox)3
with respet to the unit ell volume.
Fig.18 shows the variation of the magneti energy as a funtion of volume, expressed in
terms of its equilibrium volume V0, for x = 0.01, 0.1 and 0.2, respetively. For x = 0.01, an
expansion by 8% shows no magneti phase for the alloy. However, for both x = 0.1 as well
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Figure 18: The variation of ∆E(M) as a funtion of M for MgC(Ni1−xCox)3 alloys at various
volume ratios as indiated in the gure for (a) x = 0.01 (upper panel), (b) x = 0.1 (middle panel)
and () x = 0.2 (lower panel).
as x = 0.2, a magneti phase looks possible just above its equilibrium volume. The urves
dip into the negative region of the magneti energy as an be seen from the middle and the
bottom panel of Fig. 18, respetively, where the ferromagneti state is lower in energy.
For x = 0.1 and 0.2, a ferromagneti phase beomes stable just above its equilibrium
volume suggesting a magneto-volume instability in MgC(Ni1−xCox)3 alloys. Fitting the
above data to the Ginzburg-Landau expression for n = 3 for the three onentrations x =
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0.01, 0.10 and 0.20, one nds that for expanded volumes a magneti phase beomes denitely
possible as Co at% inreases in MgC(Ni1−xCox)3.
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Figure 19: The variation of the Ginzburg-Landau oeients, a2(in units of
T
µB
), a4(in units of
T
µ3
B
), and a6 (in units of
T
µ5
B
) as a funtion of volume for MgC(Ni1−xCox)3 alloys for (a) x = 0.01
(upper panel), (b) x = 0.1 (middle panel) and () x = 0.2 (lower panel).
Fig.19 shows the variation of the Ginzburg- Landau oeients as a funtion of volume
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ratio for x = 0.01, 0.10 and 0.20, respetively. For V
V0
slightly greater than unity, for both
x = 0.1 and x = 0.2, the oeient a2 reverses its sign, indiating a phase transition with
respet to volume. This onrms that these alloys are on the verge of a magneto-volume
instability. The higher order oeients play a signiant role in determining the alloy
magneti properties.
It has also been noted that the auray of the total energy, evaluated by means of ASA
is limited to a few mRy. From alulations, one nds that the hange in the energy is far too
small for any reliable quantitative analysis. However, within the approximations mentioned
and with well dened k−mesh in the Brillouin zone, one an ertainly infer that the trend
produed via the xed-spin moment method for MgC(Ni1−xCox)3 alloys are qualitatively
orret.
IV. CONCLUSIONS
For low Co rih MgC(Ni1−xCox)3 alloys, we nd the possibility of enhaned spin-
utuations in the material, whih is lose to a ferromagneti instability. However, for
Co rih alloys, a denite ferromagneti ground state exists. At the magneti ross-over,
i.e., for x = 0.75, a onentration independent variation in the strutural properties are
determined. For example, the lattie onstant and the bulk modulus appear to be onstant
under the given approximations of the KKR-ASA-CPA theory. The pressure derivative of
the bulk modulus indiates, within the Debye approximation, a signiant hange in the
averaged vibrational modes. Our alulations show that the eletroni struture of the dis-
ordered MgC(Ni1−xCox)3 alloys deviates signiantly from that of the rigid band model.
The striking feature is the reession of C 2p states towards lower energies as a funtion
of inreasing x in MgC(Ni1−xCox)3 alloys. The self-onsistent alulations overestimate
the magneti moments at the Co site for low Co rih alloys, due to the limitations in the
loal-density approximation. Corretions to the overestimation in the magneti moments
are aomplished by means of xed-spin moment method, in onjuntion with the Ginzburg-
Landau free energy funtional. It then follows from the xed-spin moment alulations that
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for x < 0.7 the material is denitely paramagneti.
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